Functionally graded materials have composition gradients from one end to the other as the result of a gradual transition of the properties of different materials. The residual stress caused by the difference of coefficient of thermal expansion can be minimized using functionally graded material. Therefore, the gradient of the coefficient of thermal expansion should vary according to the compositional gradient. In this study, the coefficient of thermal expansion of each compositional layer of Ni-Al 2 O 3 functionally graded material was measured using a dilatometer. These measurements provided the material properties required to calculate the residual stress, using three-dimensional modeling for accurately predicting crack positions, since it is difficult to measure residual stress experimentally. The measurement results showed the gradual increase of the coefficient of thermal expansion from Al 2 O 3 -rich composition to Ni-rich composition. Finally, the results of calculating residual stresses using the measured coefficient of thermal expansion showed that the crack positions were predicted more accurately than those using the coefficient of thermal expansion calculated by the linear rule of mixtures. This was because the measured values include the effect of porosity of the composite, whereas the linear rule of mixtures cannot account for the porosity of each layer.
Introduction
Functionally graded material (FGM) provides a gradient in thermal properties between two dissimilar materials whose coefficients of thermal expansion (CTE) are significantly different, and reduces the residual stresses due to sharp differences in the thermal properties. The residual stress is an important factor in the design of crack-free FGM joints, but it is difficult to measure experimentally. Numerical analysis techniques such as the finite element method (FEM) are used to estimate the residual stress instead of measuring it directly.
The thermal residual stresses are calculated using the CTE of materials, assuming that the stresses are generated during cooling. The accuracy of the CTE values directly influences the calculation of residual stresses. In particular, since thermal expansion is really due to the asymmetric curvature of the potential energy trough, along with the increased atomic vibrational amplitudes that accompany an increase in temperature, it reflects the natural change of thermal properties with temperature. 1) Generally, the CTEs of graded layers using the values cited in published literature are used to calculate the residual stresses of FGM using the rule of mixtures.
2) However, unexpected pores within graded layers due to differential shrinkage of each material can result in inaccurate calculations. 3) In this study, the CTE of each graded layer in Ni-Al 2 O 3 FGM was measured, and compared with the calculated CTE using the linear rule of mixtures. The residual stresses in NiAl 2 O 3 FGM were then calculated using these CTE values to predict the position of cracks.
Experimental Procedure

Material fabrication
The various compositions of FGM considered in this study are given in Table 1 . Ni and Al 2 O 3 powders were dispersed ultrasonically in ethanol for each composition so that uneven dispersion due to density differences could be reduced by quick evaporation of the ethanol during the ultrasonic dispersion.
4) The mixed powders were grounded and sieved. Nine specimens for CTE measurement were fabricated in molds with 10 mm diameter. Nine layers of Ni-Al 2 O 3 FGM were stacked in a mold with 24.5 mm diameter, and the green bodies were cold pressed isostatically. Specimens were then sintered in an argon atmosphere in a tube furnace as shown in Fig. 1 . The holding time at 150 C is needed to burn off stearic acid that was used during stacking into a cylindrical mold. The maximum sintered temperature was 1350 C with a cooling rate of 2 C/min to minimize residual stress during cooling. The sintered FGM was cut with a diamond wheel, and then the polished cross section was examined to detect the presence of any cracks.
CTE measurement
The CTEs of the nine cylindrical specimens were measured using a push-rod dilatometer. Each CTE was determined from the change in the specimen length at room temperature and 1000 C at a heating rate of 10 C/min. The CTE was calculated from
where L 0 is the initial specimen length, L 1 and L 2 represent the initial and final lengths as the temperature changes from T 1 to T 2 , and L and T are the change in length and temperature, respectively. The CTE of each composition was determined by averaging the measured CTEs over the various temperature changes. The measurements were performed in an argon atmosphere to prevent any nickel oxidation.
Calculation of thermal residual stress
The residual stresses of the FGM were computed using the finite element method (FEM); ANSYS. The residual stress of each layer was calculated individually. The thermal strain, " T , of each isotropic layer was determined from
where is the CTE of the material and ÁT is the temperature change. The thermal stress, T , was calculated from the thermal strain,
where ½D is the stress-strain matrix derived from Poisson's ratio () of the materials and the one-dimensional elastic modulus (E). 
This analysis assumes ideal joining and dispersion between the two materials. In addition, the elastic modulus, CTE, and Poisson's ratio of each layer are calculated based on the linear rule of mixtures as follows:
where E c , c , and c represent the elastic modulus, coefficient of thermal expansion, and Poisson's ratio of the mixtures, respectively; V 1 and V 2 are the volume fractions of phases 1 and 2; and V 1 þ V 2 ¼ 1.
7)
For finite element analysis, a two-dimensional eight-node plane element (PLANE82) was used in the ANSYS. The twodimensional axisymmetric model had 54,641 nodes and 18,034 elements, and was meshed using 0.1 mm elements. Figure 3 shows (a) the elements and boundary conditions used for the finite element analysis, and (b) a schematic diagram of PLANE82. 8) Table 2 lists the material properties of the FGM layers based on the properties obtained from the literature, the measured CTE values, and the values calculated from eqs. (5)- (7) that were used in the finite element analysis. Generally, researchers use the maximum tensile stress and maximum principle stress theories to estimate the failure of brittle materials such as ceramics, and the maximum deformation energy theory (von-Mises stress theory) to estimate the failure of ductile materials such as metals. [7] [8] [9] [10] Therefore the paper used the maximum tensile stress for Al 2 O 3 and the von-Mises stress for Ni to estimate their failures. Figure 4 compares the measured CTE with values from the linear rule of mixtures. The measured results showed a gradual increase in the CTE as the Ni content increased, as expected. However, as the samples moved from an Al 2 O 3 -rich composition to a Ni-rich composition, the measured values deviated more from the measured values combined with the linear rule of mixtures. These differences between the measured and calculated CTE values could be caused by unexpected porosity in the sintered body. Figure 5 shows the microstructure of the fabricated 60% Ni/40% Al 2 O 3 layer. The microstructure includes much small pores marked by white circles, and these pores can cause large deviations from the calculated CTE values. Figure 6 shows the calculated tensile and von-Mises stresses obtained using the linear rule of mixtures. The failure of FGM sample can be predicted from the peaks of stress in this plot. The figure indicates that the peak stress points are at 100% Al 2 O 3 , 60% Ni/40% Al 2 O 3 , and 85% Ni/ 15% Al 2 O 3 , and suggests that cracks will form at those positions in the FGM. Figure 7 shows the calculated tensile and von-Mises stresses obtained using the measured CTE values. According to the figure, the stress peaks are located at 100% Al 2 O 3 , 50% Ni/50% Al 2 O 3 , and 85% Ni/15% Al 2 O 3 . These three stress peaks correspond to the expected failure positions. Figures 8 and 9 show micrographs of the FGM fabricated using the compositions given in Table 1 . Figure 8 shows the surface of the sample, where cracks located between 100% Ni and 85% Ni/15% Al 2 O 3 , and cracks at 50% Ni/50% Al 2 O 3 were observed. The cross-section of this sample, shown in Fig. 9 , has an additional crack in the 100% Al 2 O 3 layer.
Results and Discussion
The crack positions of the fabricated sample matched the points of peak stress shown in Fig. 7 using the measured CTE values. The maximum stress points calculated using the linear rule of mixtures did not accurately predict the crack in Layer 5 (50% Ni/50% Al 2 O 3 ). Therefore, the calculation of residual stress using the linear rule of mixtures was unable to predict crack positions accurately in the porous composite, unlike the calculation using measured CTE values. The calculations using the measured CTE values were more accurate because they included the porous effects of the composite. Thus, the porosity of the composite must be reflected in the property of FGM fabricated by pressureless sintering to improve the accuracy of stress calculations.
Conclusions
The CTE for graded layers in a Ni-Al 2 O 3 FGM were measured to calculate residual stresses. These values were compared to those obtained using the linear rule of mixtures. The results showed that the estimated residual stresses obtained using the measured CTE values were more accurate for predicting the crack positions in a fabricated FGM sample than those obtained using the linear rule of mixtures. This was because the measured CTE values already include the porosity of the composite, whereas the linear rule of mixtures cannot account for the porosity of each layer. Therefore, the measured coefficient of thermal expansion must be used in order to predict the crack positions of porous FGMs accurately, otherwise a new mixture rule is required to reflect the porosity of each layer.
